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In t roduct ion  

1- 

The exploration of Earth's neighbor planets Mars and Venus presents 

one of t h e  most challenging acd a t  the same ti= one of the most 

rewarding objectives of our space program. The planets  have evolved 

d i f fe ren t ly  as a result of their r e l a t ive  posit ions in the solar system 

8nd it is of extreme interest ,  s c i en t i f i ca l ly ,  t o  determine how the 

resu l t ing  environment of Mars and Venus d i f f e r s  from that of Earth. 

The character of the planetary stmospheres, the d e t a i l s  of surface 
\ 

fea tures  and the possible existence of e x t r a t e r r e s t r i a l  life are  of 

par t icu lar  in te res t .  

Such detai led information c8n be obtained only by placing measuring 

instruments in to  the atmosphere and on the surface of the planet, 

however, and it is clear t h a t  spacecraft designed for atmospheric 

entry and surface landing will play an important role in the planetary 

exploration program. Furthernore in the event of manned missions to  

Xars and Venus, the requirements for re turn to  Earth again emphasize 

the Etmspheric entry aspects or" the exploration program. 

In the last decade a large research and development e f f o r t  has 

becz applied t o  the design of entry vehicles, both unmanned and manned, 

i 
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the technology produced 

planetary explorstion 

f o r  use i o  the Earth's atn;osphere ~d much of 

by this e f f o r t  can be applied direct ly  to  the 

program. 

needs of past  and current entry vehicles and those expected of vehicles 

required f o r  the future  planetary progkam, and these arise p r i m r i l y  

because the character is t ics  of the planetary atmspherea are different  

End because i n  some cases the entry veloci t ies  w i l l  be greater than 

those previously experienced. 

There are  some signif icant  differences, houever, between the 

/ 

IJe can expect t ha t  entry vehicles to be used i n  planetary missions 

w i l l  be ta i lored to met these new conditions, and the unnjanned P i s  

entry vehicle, f o r  e x s q l e ,  may bear l i t t l e  resemblance to the ICBM 

nose-cone and will therefore require a somewhat d i f fe ren t  design 

spproach. 

I n  t h i s  a r t i c l e  an a t t e q t  i s  made t o  review some of the research 

and developnent problems tha t  a r i se  in the design of both unaanned and 

r imed  plenetary entry vehicles. 

ucnenned gars vehicles i n  view of the imminent needs of the planetary 

program, and less detai led consideration is made of manned vehicles 

since our design concepts will undoubtedly change 8s wre infornuition 

on the planetary environment becomes available and as the  technology 

advances during the next ten t o  twenty years. 

Greatest a t tent ion is given to  

%Tanned Xissions 

The exploration of 8 planet whose atrnosphere is not w e l l  defined 

poses the problem of deciding uhat the f i r s t  vehiole should be: en 
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entry vehicle is required t o  place any Eeasuring equipmnt into the 

l o w r  strssphere End on the suri'tice, but e t  the sa= t i m e  the 

stimspheric Illeasuremnts are  t o  s o w  extect required for proper design 

of the entry vehicle. The f i rs t  s tep must clearly be one tha t  w e  can 

tske w i t h  so.= confidence of success, and should y ie ld  information of 

scief i t i f ic  value (for  example, rceEsurements on the atmospheric 

corsposition of the lower atmsphere that can shed l i gh t  on the possible 

existence o i  ex t r a t e r r e s t r i a l  life) and idormation tha t  w i l l  contribute 
/ 

t o  t h e  design of future experiaents i n  the program. 

design concepts f o r  the first mission vehicle should have suf f ic ien t  

potent ia l  t o  allow growth in to  the subsequent, more elaborate, mission 

vehicles required Later in the program. 

Moreover, the 

The design of the entry vehicle m u s t  evolve from a number of 

inputs. 

t h e  rcission including the measureaents to be made, the instruments to 

5 e  used end the manner in which data comunication is t o  take place. 

I n  t h i s  way the in t e rna l  payload can be described and the required 

d r t &  acquisit ion period, and if the vehicle is t o  land the peraiss ible  

izpact decelerations, can be established. Existing information on the 

plenetary etmsphere, (i.e., our best  estimates of a tmspheric  pressure, 

scale height, coqos i t ion ,  etc.) together with the expected entry 

conditions, par t icular ly  entry velocity, al lows  us t o  determine within 

reesonable bounds the problems associated with entry loads, entry 

heating, comunication blackout, t e r n h a 1  i q a c t ,  etc., and these place 

Foremst  among these should be a defini t ion of the purpose of 



2criher constraints on the ccnf lgxa t ion .  

undoubtedly, a coinpromise which respects the technical  problems 

involved and s t i l l  allows a wsrthwhile mission t o  be 8ccomplhhed. 

The f i n a l  design w i l l  be, 

I 
hs a point  of departure i n t o  a dfscussion of entry vehicle design 

problem we can consider a spherical  a tmspher ic  probe such a s  t h a t  

suggested by Sieif  (l), and p r e  recently elaborated by Buei(2), for 

use Lr; the 1966 h rs  mission. 

(see f i g .  l a )  is t o  acqulre information on the a tmspher ic  properties 

by observing the w t i o n  of t h e  sphere as it decelerates due to 

a twspher ic  drag. 

a t t i t l ide f o r  a sphere) is measured and transmitted to the parent fly- 

by spacecraft  f o r  relay t o  Earth, data comunication taking place 

a f t e r  the probe emerges from blackout over a period of about 30 seconds. 

The velocity during entry is fourid by integration of the deceleration 

h is tory  End the  a l t i t ude  by a fur ther  integrat ion with respect t o  

tiire. brom t h i s  information the variation of density and pressure 

c m  be de te rdned  from the drag equatioc. 

regerding the  compcsition can be determined by observation and anzlysis 

The purpose of t h i s  spherical  probe 

The deceleration (which is independent of the 

Additionally, some information 

of the spectrurt of radiat ion emitted by the shock layer  t h a t  surrounds 

the  sphere durbg entry. Such an atmspheric  probe sppears feas ib le  

e t  the present time, providing i t  can be placed on the appropriate 

f l i g h t  path t o  ensure a f a i r l y  steep entry angle, bu t  since the 

a tmspher ic  propert ies  a re  not  ,maswed d i r ec t ly  the data obtainedare 

i 
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- 
c o t  very accurate: 

f o r  e x e q l e  leads to  a 3.005 er ror  i n  the value obtained f o r  the 

atmspheric  density. 

an e r r G r  of A% in the accelerometer measurement 2 

As w e  look ahead t o  Icissions beyond 1966 it is clear tha t  mre 

extensive neasurerzeots u i l l b e  required, both i n  the atmosphere and 

on t he  placet surface, with correspondingly longer periods f o r  data 

cocwnicstion, A t ,  the 1969 launch opportunity using the A t l a s  Ceztaur 

Lsucch Vehicle it should be possible to use a Probe/Lender (Zig. Ib) 

entry vehicle t o  determine, i n  de ta i l ,  conditions in the lower atmosphere 

of ?*:firs ; additionally preliminary informtion on surf ace conditions 

would be obtained over the tirue period t h a t  the lander remains in view 

of the fly-by spacecraft, Such 8 Probe/Lsnder uould be a very l igh t ly  

loeded high-drag vehicle and would require a terminal parachute i n  

order t o  decelerate suff ic ient ly  i n  the tenuous Mars atwsphere,  

h i o r r a t i o n  gsined from such a mission wouid be used in  the formCLation 

of experimnts,  and for the design of sensors and other i n s t r w n t s  

-a be used f o r  fu ture  missions, FOSSibV an Automted Biological 

Maoratory o r  an Automated Wetither Stetion. 

vehicles would soft-land with a retro-rocket system, operate for many 

&wnths, possibly a year, and could communicate d i rec t ly  with Earth o r  

use a Planetary Orbiter as a relay link (see Fig, IC). 

The 

These advanced Lander 

I n  view of the simplicity of the sphere it is f i t e r e s t ing  to  

deteraine uhether it has general u t i l i t y  as  an entry vehicle f o r  use 

i n  Mars m d  Venus missions. The history of t h i s  sphere dming v e r t i c a l  
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I entry into a planetary atmspbere is depicted i n  f igure 2 where the 

I velaci ty  is plot ted against an atrnospheric dreg parameter (essent ia l ly  

a b a l l i s t i c  parameter introduced by Allen and Eggers(3). This drag 

psrrEeter can be interpreted i n  the following way. 

i n  wnich the sphere decelerates from the entry velocity 

During the time 

Ve to a 

veloci ty  V it encounters a mss matn; of the atmosphere, The drag 

ma tm 
m ' psraneter i n  f igure  2 is  simply the r a t i o  - and can be written 

where p, p acd h are  respectively the density, pressure and 

a l t i t ude  in the slmosphere, g 

C$- 

is the  planet gravi ta t ional  acceleration, 

i s  the effect ive drag area of the sphere. 

D u r b g  atmospheric entry the vehicle undergoes aerodynamic heating, 

sustains serodjjnaniic loads ( t i e s e  are most severe a t  - 'Catm equal t o  m 
- End 1 respectively) and continues t o  decelerate u n t i l  it pesses 
3 
through sonic conditions and finally, if there is suf f ic ien t  

reaches a terminal condition y greater than about 10 Pm 
in which the drag force is balanced by the gravi ta t ional  force. 

I t  is clear  from f igure 2 

repidly as the r a t i o  or 

that the vehicle velocity decreases 

&& becomes larger,  and it follows 

t h a t  the value of 

conditions var ies  

required t o  decelerate the vehicle t o  terminal 
CDA 

di rec t ly  as the atmospheric pressure p, Now f o r  
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X 3 r s ,  the a tmspheric  pressure near the surface i s  presently thought 

to be as low as  10 b a r s  (conipared with approximately 1,000 mbars f o r  

Esr th)  and as e consequence terminal conditions a re  achieved only i f  

- is less than about -2 2. For Venus, however, the surface w 
pressure is thought t o  be between 1 and 3 atmspheres and terminal 

conditions are  achieved even ii is es large as 20 u. 
C$ sq f t  

TLe design parameters which Ch8raCteriZe the spherical  probe are  

tine b a l l i s t i c  parameter 2- and the diazneter D and it is convenient 

t o  discuss the sphere i n  terms of these quantit ies.  
c+ 

The constraints 

which deternine the permissible range of these parameters depend on 

the entry velocity and entry angle and on the atmospheric properties. 

The expecbd entry velocity is dictated by the interplanetary t ra jectory 

snd i s  lirown f e i r l y  accurately and for the present it is a s s u e d  tha t  

the entry peth is  ver t ical .  

known (as they aust be in order to ar r ive  a t  a design) then a l l  the 

f ac to r s  which determine the constraints can be expressed in terms of 

- and 0. 

If t h e  a twspher ic  properties are assumed 

CDB 

In view of the s ignif icant  differences between Mars and Venus 

with respect t o  both the expected entry velocity and the  a twspher ic  

pressure the problems are discussed separately f o r  the two planets. 

m, lGxing 1 f i r s t  the case of Mars, the Illost s igni f icant  constraint  

r e s u l t s  from the low atmospheric pressure a t  the  surf^.;:. - 
of conventional mass t o  area r a t i o  

A sphere 

= 4 entering the Mars 1 s l u  
* CDA sq f t  
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&tmsphere (having a surTace pressure 02 11 nbars) a t  25,000 f t /sec 

would spend only a few seconds i n  the  atmsphere and impact the 

surface a t  about 10,000 ft /sec.  Z’urthermre, under these conditions 

it xould suffer comamication blackout throughout mst of its f l i g h t  

1 

i 
I 
l 
~ 

I 

and uould impact beiore emerging from blackout. Clearly i2 the probe 

is  to  have suf f ic ien t  time to  gather and communicate data it m u s t  
1 slug 

hsive e value of s ignif icant ly  less than ; a s  the velue 
CDA sq f t  

or’ LL is reduced the available data cororcunication t ime is increased tirid c D-4 

f o r  .“J = ,25 

i q a c t  is  about 30 seconds, 

amunt of information can be obtained in less t h e  than th i s ,  

the period between elcergence from blackout and 
C@ sqf t 

It seems unlikely tha t  a signif icent  

I n  order t o  obtain a longer data collection period the value of 

- m u s t  be fur ther  reduced and f o r  a given drag area, C$, t h i s  
CDA 
i q l i e s  8 reduction in paylcad mss, 

reEe&ered t h a t  the sphere m u s t  withstand both aerodynamic loads and 

zerociynamic heating and a limit is soon approached in which the en t i r e  

mss is assigned to the load carrying structure and t o  thermal protection 

leaving no mass available f o r  in te rna l  payload, 

Here, however, it should be 

The aerodynamic loads for ver t ica l  entry in to  the Martian 

atmsphere,  st a typical  entry velocity of 25,000 ft /sec,  are  expected 

to  be 8bout 200 Earth g r s  and tbe convective heating Epproxhately 

the s m e  es t ha t  for Earth entry, 

radiat ion from the gas layer surrounding the vehicle depends on the 

Bdditionalheating associated with 
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a tmspher ic  corrposition, and f o r  N . 9 2  dx-tures  ( l ike ly  cmdidates  

f o r  the etnaspheres of Pars 2nd Venus) it has been shown t h a t  rad ia t ive  

hesting is significan+, a t  entry speeds a s  low as 20,000 f t /sec,  wherees 

Tor EErth en t ry  t h i s  form of heating is not  s ign i f icant  even a t  

39,WO i"t/sec. 

increases sore rapidly than the surface area (due t o  the incressed 

For spheres of large diallieter the s t ruc tu ra l  weight 
i 

t h i c h e s s  of the  structural. shell. required t o  maintain s t i f f n e s s  snd 
I 

so avoid cmpressive buckling) 2nd increased rad ia t ive  heating places 

greater deffiands on the thermal protection system (radiat ive heating 

per un i t  &rea increases d i rec t ly  as the diameter). 

For spheres of smll diameter the s t ruc tu ra l  weight becomes l e s s  

s l g i f i c s n t  bu t  the convective heating (which var ies  a s  D' v2) 
n reqdres a greater thickness of ablation material  and the low - 

c f l  
sFkere czn do l i t t l e  mre then provide i t s e l l  with su f f i c i en t  protection 

t o  s u r v i v e  entry heating. F igwe 3, which is  p l o t  of vs D on 
C@ - 

logeri thaic  scs les ,  indicates how the designer is l i t e r a l l y  boxed i n  

"L'y these constraints  when he attempts t o  design a spherical  entry vehicle. 
. 

The lower boundary corresponds t o  an in t e rna l  psyload of 1 s lug  representing 

&out the ninimum mass required for a power supply and communication 

2 

- . 2 5 y  systen;. Along the upper boundary of the design box, where - m - w 
the L a b i z x i  diameter is 2 f t .  snd the rcexinum useful  diameter i s  8 f t .  

corresponding t o  a p8yl08d oi 3.5 slugs, the maximum possible fo r  any 

sphere within these constraints:  spheres of larger  diameter would be 
m s t ruc tu ra l ly  too heavy to carry 3.5 slugs and s t ay  within the - 

C@ 
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ccnstrs int .  (The Centaur shroud diameter is afso shown i n  f i g ,  3 but  

does not provide a significant constraint since the larger spheres 

would actually correspond to  reduced payloads. ) 

The Fars spherical  probe appears t o  be feasible  if the in t e rna l  

peyload hzs suff ic ient ly  small mass and if the data collection period 

is or' the order of 30 secs but it of fers  l i t t l e  promise of being 

iluefal lor the larger payloads envisioned in future  missions. 

Considering now the Probe/Lander systen depicted i n  figure lb , 
the p2imary constraint arises f romthe  need t o  achieve a suf f ic ien t ly  

low velocity to allow deployment of a parachute; if a conventional 

parachute is employed the vehicle must decelerate t o  subsonic speeds 

be less than m -before reaching the surface and t h i s  requires t ha t  - 
1 - slugs/sq f t .  r, 
atrrs?heric information before landing, i t  is desirable t o  reduce 

ev'en fur ther  (to a value of about . l5 slugs/sq f t ) ,  

of the sphere as a low 2 

shapes which f o r  one reason or  another are mre eff ic ient .  

area k 

t h e  m s s  of the in te rna l  payload increases fur ther  when the s t ruc tu ra l  

weight and the the rm1  protection weight (both of which vary a s  the 

surface erea) are minimized. 

CDA 
I f  in addition the vehicle is t o  co l lec t  appreciable 

n - 
CDA 

The 1imitatiGns 

entry vehicle lead us t o  consider other 
CDA 

For a given 

the allowable mass increases with the drag coefficient,  and 

Ideally,  then, the vehicle should have high drag and small exposed 

surzace area and st i l l  enclose suff ic ient  volume to cor.s;in the peyloed. 
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6 iiat disc  has the highest d rag  (CIJ 

but has no volume, whereas the sphere contains the maximum volume 

1.8) f o r  given surface area 

for given surface area but  has insufficient drag. 

vehicle i s  a conbination of f l a t  disc with a sphere of suf f ic ien t  

voluize t o  contain the i c t e rna l  payload. 

required mss t o  area r a t i o  m s t  be small t he  sphere needed t o  contain 

the py load  hss re la t ive ly  sml l  dis,neter (compared with that of <:e 

disc)  . 

Evidently the idea l  

In general, becsuse the  

k cosbination of e disc aod such a sphere, suitebly rounded 

off t o  rrake it aerodynanically respectable, leads t o  e i ther  en Apollo- 

shsped vehicle or t o  a shallow blunted cone as  seen i n  figure 4 .  Such 

shapes have drag coefficients of  the order of 1.5 and have low exposed 

surf cce sreas,  S ,  leading to  low thermal protection requirements 
n 

(generally speaking, a small value of the ptirameter - b is desirable (+ 
and the shzllow blunted cone has a value .8 compared with 2 f o r  a 

q h e r e ) .  The blunted cone tends t o  have be t t e r  aerodynamic s t a b i l i t y  

than the Apollo shape, especially if the in te rna l  payload a s s  can be 

placed a t  the bottom of the cone, and for t h i s  reason the trend f o r  

fu ture  unme-med Mars vehicles is u k e l y  to be in t h i s  direction. 

Having reduced the t o t a l  surface area in t h i s  way fur ther  increases 

i n  payload can be reallzed only by reducing the s t ruc tu ra l  and thermal 

protection weights per uni t  area. 

must itself sa t i s fy  a nurnber of requirements, for exa.qle, it a u s t  be 

capable of withstanding the long t4cold-soakt1 experienced during the 

spzceflight,  it must have high thermal performance during entry and if 

possiSle should be such a s  t o  allow communication after entry. 

The thermal protection material 

Such 

I 
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ns ter io ls  E r e  presently avs i f abh  (ccapomded e l a s t r o m r i c  materials) 

but  the choice is extremely l i z i t d a  and there is l i t t l e  poss ib i l i ty  

or" reducing the thermal p ro tec t im  ueight by any appreciable amunt. 

The s t ruc tu ra l  weight, especially fo r  vehicles of large diaxeter,  

b e c o z s  the mst s i g n z i c a n t  p e r t  of the t o t a l  vehicle weight for any 

strxture under compressive loads. 

o sphors (since increasing the diameter merely increases the s t r u c t u a l  

weight and actually reduces in te rna l  payload) and t h i s  is t rue b s o n e  extent f o r a l l  

vehicles subject to compressive buckling. Under tens i le  loads however 

the  s t ruc tu ra l  weight can be reduced sigcif5-sntly and a "tension 

This is clear  from figure 3 f o r  

s t ructure"  f o r  future  unmanned Y.rs vehicles has z c e n t l y  been developed 

a t  Langley 3esearch Center as reported by . . Anderson ( 4 ) .  The 

s t ructure  consists of a c i rcular  compression r ing  and a spherical  cap 

joineci by 2 s h e l l  (see f ig .  5a) whose shape is  such as t o  be i n  tension 
I 

when aerodynsnically loaded. The s t ruc tura l  weight of this configuration 

i 
i is less than 30% of a sphere heving the same base diameter end, for 

l s r g e  vehicles especially, can lead t o  a major increase in payload. 

This concept has been tes ted to verify both its s t ruc tu ra l  performance 

! 
i 

and its aerodynamic high-drag performance. 

2etached shock appears around t h e  rear  of the vehicle (as seen in 

i i g .  9) and gives r i s e  to  higher pressures over a substant ia l  f rac t ion  

I n  hypersonic flow a 

i ci' t h e  t o t a l  f r o n t a l  sre8 ( typical  drag  coefficients between 1.25 and 8 
L. i 

1.5) . 1 
I 
i 
I 
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The interns1 payloed mass avsiiable, c o q r i s b g  the payload tind 

retarciation system, when the tension st ructure  is used,is shown i n  

l r g w e  6 together w i t h  the rsnges of 

retro-rocket +stem are reqcired i n  order t o  schieve a survivable 

lacding. 

f o r  the 1369-1971 period hsving a d iamter  of ebout 8 f t .  (within the 

i n  which parachute and 
c+ 

X Ears Probe/bnder such as  tha t  icdicated in f igare  Ib 

Ce-tLutl. shroud) would have a maximum in te rna l  payload between 3 slugs 

and 1 2  slugs. For the minkas  vehicle (3 slugs,  representing mima 

instrumntet ion,  communication system, e t c  .) approximately 10 minutes 

of data collection time within the atmosphere would be eveflable i n  

Eddition t o  a period of several  hours on the swi'ace. The vehicle 

having inaxirrum payload (3.2 slugs)  would have negligible data collection 

time within the atmosphere but would allow a heavier instrument package 

t o  be placed on the  surface. 

l a t e r n e l  payload c o q r i s e  instrunentation and the communication system, 

the reiaining ha l l  being required f o r  the parachute and landing structure. 

Zayload weight could be increased beyond 12 slugs using a larger vehicle 

(up t o  20 f t .  in diameter, say) but such a vehicle would be extrenely 

inef f ic ien t  since most of the mass would be taken up by the s t ructure  

and thermal protection system. 

In each case spproximtely half of the 

More advanced vehicles such as an Automted Biological Leboratory 

or  &I? Ai;toneted Weather Stat ion may be appreciably heavier than the 

e a r l i e r  Frobe/Lsnder systen; and tend t o  become extremely large i n  

s i ze  if aerodynamic braking is the pr i rary rceans or" retardation. Tla 



t o  the surface vould 

Turning br ief  3y 

probe, the b a l l i s t i c  

s i tua t ion  cen be improved t o  sore extent i f  a shallow entry path can 

be chosen (eotry a t  an angle .=.i SCo a l b u s  the - 
tha t  for ver t i ca l  entry) but the use of aerodynamic retardat ion a f t e r  

d i r ec t  entry from the interplanetary t ra jectory still  places a severe 

constreint  on A (and therezore on payload Eass) and it is clear ly  

appropriate to  use so- propulsive reterdation, especially if Saturn 

c lcss  launch vehicles, with the i r  increased capabili ty are used. 

t o  be twice ci>a 

CDA 

There r e m i n s  the question uhether to use propiilsive breking 

I f  d i r ec t  entry is made a t  an 

- rn - - 2, the vehicle w i l l  approach the 

before or  a f t e r  a tmspheric  entry,  

entry angle of 30°, even f o r  

surface a t  l0,OOO f t /sec and i f  t h i s  is reduced t o  zero by propulsive 

retardet ion the terminal vehicle weight is reduced t o  roughly a quarter 

of the entry weight. 

propulsive velocity increment pr ior  to  entry thus allowing the vehicle 

to establ ish a near c i rcular  o rb i t  about &rs. 

o r b i t a l  decay allous appreciable atmspheric retarciation even f o r  

entry vehicles 03 conventions1 design: 

and aerodynamic loads are  l e s s  severe since the entry velocity is 

now of the order of 12,000-1~,000 ft /sec r s ther  than 25,000 ft/sec. 

I f  it is ve r i f i ed  tha t  the atmosphere is as tenuous as is  presently 

suggested t h i s  l a t t e r  course i s  clearly preferable, 

CPA 

The alternative is t o  apply the 10,000 f t / sec  

Subsequent entry by 

furthermore aerodynaaic heating 

Terainal Sescent 

be accomplished with a secondary retro-rocket system. 

now t o  the use of the sphere as  a Vecus Lznospheric 

deternines the  a l t i t ude  a t  which parameter - m 
CDA 
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the sphere emrges from blackout; t h u s  i f  it is required t o  deter&e 

propert ies  above the  cloud layer i n  the Venusian atnosphere the 

must not  be too large. 

m - 
Gn the  other hand, i n  view of the  r e l a t ive ly  

w- 
l e rge  v a h e  of the  e tmspheric  p=essllre e t  the suf*2ce, 8 sskere of 

A = 1 slue would hsve an appreciable date col lect ion period in the 

lower eimsphere . C$ sqi t 

The pri.mry c o n s t r a h t  on vehicle design f o r  a Venus probe r e s u l t s  

from the high entry velocity ( in  excess of @,OOO f t / sec)  and the 

corresponding high convective and radiat ive heating r a t e s  sustained 

duriag entry. Both convective and radiat ive heating increase with 

the b z l l i s t i c  parameter Figure 7 I s  a p l o t  of against  D 
c d  CDS 

and i l l u s t r a t e s  the several  constraints which determine the permissible 

design renge. 1 A minimu in te rns1  peyload curve (2 slug) shows t h a t  

the sphere m u s t  hsve suf f ic ien t ly  high t o  provide s t ruc tu ra l  
CDP. 

and thermal protection a s s ,  t ha t  the diaxleter must be su f f i c i en t ly  

lsrge t o  avoid excessive convective heating but  su f f i c i en t ly  srcall t o  

avoid excessive radiat ive heating and excessive s t r u c t u r s l  weight, 

Zwthermore it cannot be too dense or problems arise with the packaging 

of s c i e n t i f i c  equipment. 

Increases i n  payload xriass can be rea l ized  only by increasing 

2 but here a -1iait is set by the  f a c t  t h a t  the vehicle Reynolds' 
CDA - 

nwher  increases with - and t u r b u l e n t  heating r e su l t s ,  with a 

corresponding increase in Vfieraal protection requirements ( t h  boundary 
CDa 

i 
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indicated i n  f igure  7 is  for a iieynolds rider 

Once Icors the  designer is boxed i n  by constraints i n  such a way t h a t  

the miximum payload t h a t  can be carried by a spherical  probe is about 

RD, of 10 million). 

2 slugs. 

These constraints a re  mre severe than those f o r  the Ymrs  probe 

end the  aeans of enlarging the  design range a re  not c o q l e t e l y  c lear :  

ra2 ia t ive  heating can be reduced appreciably by using 8 coce-shspri 

ent ry  vehicle es shown by Ailen(5) but  even when rad ia t ive  

heating is disccunted, turbulent heating and k g e  s t ruc tu ra l  weight 

preclude the  use of larger or heavier vehicles. The al ternbt ive is  

m and use 8 l i gh te r  structure,  so again the  low t o  reduce - - m 
CDA CDA 

tension st ructure ,  now having small nose radius ,  o f f e r s  a possible 

solution . 
The successful development of entry vehicles f o r  the P h e t a r y  

Zxploration Frogram depends t o  a large extent on the  strength of the 

supporting research and tecbnologg program. Instrunentation f o r  the 

f i r s t  missions has, t o  a large degree, already been developed end i n  

som cases f l i g h t  tested; the question of the peri'ormance of these 

instruments after s t e r i l i za t ion ,  a t  present e requirement f o r  all 

planetary vehicles, is  s t i l l  unanswered however. 

the problem or' comunication from an entry vehicle is such t h a t  data 

t ransaiss ion before and a f t e r  'blackout' czn be mede with l i t t l e  

difffcul ty .  

f 

O u r  understanding of 

In recent years considerable experience has been gained 

i n  t h i s  area in connection with Earth entry f l i g h t  progs'.zs, f o r  



example the XAM Progran and Project  F i r e ,  and the techniques developed 

there can be used with l i t t l e  modification. The aerodynamics of the 

spher ica l  probe are well known, of course, but for mre complex shapes 

Iurther research is needed on the aerodpaxics,  (drag, s t a b i i i t y ,  

convective and radiat ive heating through ti large range of angie-oi- 

at tzck) ,  on the s t a b i l i t y  of lightweight s t ructures  and on aeroe las t ic  

e f fec ts  which a y  be associated with the vehicle o sc i l l a t ion  d ~ s l z g  

etrcospheric entry, 

The problem of thermal protection f o r  Xars entry vehicles is 

similar t o  t h a t  f o r  D r t h  entry from a c i rcu lar  orbi t  and I s  not of 

jo r  concern. For Venus probes, however, entry heating, par t icu lar ly  

red ia t ive  heating, is  much mre severe tlnd t he  thermal perforroance 

o i  the ablat ion sh ie ld  i s  e c r i t i c a l  f ac to r  i n  vehicle design, 

mckianism of Eblation under conditions or' high rad ia t ive  heating r a t e s  

m d  high aerodynamic shear s t r e s s  is not completely understood; 

fur thenmre,  present test f a c i l i t i e s  cannot produce the appropriate 

entry environment and the l a c k  of experimental data has prevented 

much progress in this area. 

high surface temperatures to re-radiate a subs tan t ia l  amount of heat,  

The 

l 
The material needed here must sustain 

it ~ u s t  have a large heat of sublimetion and must resist mchanical  

shear. 

graphite appear 

a program of ground and f l i g h t  tests t o  be carr ied out  a t  Langlsy Resercfi 

Center. 

Of the mny materials considered, phenolic nylon and phenolic 

a s  l i k e l y  candidates and are  present'w included i n  
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The development phbse for w n n e d  entry vehicles requires E n  

extensive t e s t  program, especially i n  view of. the requirement Tor 

s t e r i l i z a t i o n  and the uncertainty that this introduces t o  the 
t 

r e l i s b i l i t y  of ccclponents and subsystem, For the Ears entry vehicles 

r ich  of the system developaent can be carried out i n  ground Tac i l i t i e s  

but a Tina1 t e s t  ol' the complete prototype vehicle in the Earth's 

Etms,;here would qualify the system f o r  mission use, Such a test, 

with en appropriately chosen entry angle , would s i m l s t e  aerodjmadc 

loads, e n t r y  dynsmics, convective heating and blackout, and would 

verify the performance, a f t e r  s te r i l i zc t ion ,  of the integrated system 

including the heat shield and structure,  instrumentation, communication 

system and parachute , 

Yenned Xissions 

Although manned missions t o  the planets a re  much fur ther  i n  the 

future  than the unmanned missions they have already become the subject 

of considerable analysis and discussion. Because of the current view 

tha t  YBrs o f fe rs  a more hospitable climate than Venus, most studies of 

mMed missions have considered lanc?ing on Mars and returning to  Earth 

a i t e r  8 short  period of exploration. Such studies,  even one or  two 

decades before the mission appears l ikely,  are  valuable inasmuch as 

t'cey allow an assessment of program needs par t icular ly  with respect t o  

oew l awch  vehicles and sdvmced propulsion, 

subsysterns, even of a mjor subsystem such as the Earth Entry Vehicle, 

Detailed studies of 



c m  represent only the present s t a t e  of the a r t ,  however, and v i t h  

tbza rapid growth i n  techcology thet  undoubtedly w i l l  occur during 

the next twenty years, the mission s r t i c l e  of 1960 nay bear l i t t l e  

r e l a t ion  t o  the concept of 1964. 

Xith these reservations i n  mind the f o l b u i n g  discussion w i l l  

a t t e q t  to  sumxzize the present position with respect t o  Kameti 

&try Vehicles and t o  mke tentative suggestions e s  t o  the possible 

directions t h a t  our research and development e f f o r t  w i l l  take i n  the  

entry vehicle technology area. 

The use of aerodynamic braking has long been recognized as  8 

desirsble  a l ternat ive to  propulsive braking ES a means of reducing 

overa l l  mission weight or  alternatively ol' reducing overal l  mission 

dwation. 

i c t o  the 56rthls  Etnrosphere (upon mission return from >Tars) which 

tend t o  be i n  the range 30,000 t o  70,000 f t /sec f o r  missions of short  

duration can be reduced t o  the range 43,OOG t o  49,OGO f t /sec by the 

use or" what has been termed the Venus Swingby Mode - t h i s  -de, reported 

recently by . Syvertson and Dennis(6) , essent ia l ly  reshapes 

the return t ra jectory by passing through the Venus gravi ta t ional  

f i e l d  t o  one mre aligned with the Earth's path around the Sun. 

var ia t ion within t h i s  range results from the chacging r e l a t ive  posit ions 

or" Sarth,  Mars, and Veaus during a 15 year cycle. 

into the Martian atmosphere lie in the range from 20,000 f t / sec  t o  

Nore recently studies have suggestec! tha t  entry veloci t ies  

The 

-try veloci t ies  
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30,000 i't/sec f o r  d i rec t  entry &xi braking in to  o r b i t  and i n  the 

r e q e  12,000 ft/sec t o  16,000 i't/sec for descent from a captured 

e l l i p t i c  o r b i t  ebout &irs. 

Xerodynarnic br8king, while extremely usef uf ,  also car r ies  i t s  

own penal t ies  of course and these are bestowed upon the entry vehicle. 

I2 s tmspher ic  brakiog is  used as  a mans of es tabl ishing a Y&rs 

capture o rb i t ,  the atentry vehicle" is i n  f a c t  the vhole a iss ion 

vehicle including a Y k s  Excursion Hodule, the  Spaceflight Living 

E!odule, the Return Propulsion Fadule and the Earth Entry Vehicle and 

this whole system must be designed t o  withstznd elrtry loads and entry 

heating. 

The vehicle design involves 8 comprodse between entry guidance 

E Z ~  control  problem, aggrsvated here by possikLe i'uel-sgsh e f fec ts ,  

End t ke  zerodynamic problem essociated with the provision of sufficient 

liit t o  ensure a wide enough entry corridor. 

end an aliowable undershoot deceleration of 6 

b a g  r a t i o ,  - = .3 is required to  allow a .lo 
L This var ies  approximately l inear ly  so t h a t  jj 

L 
D 

For entry a t  25,000 f t / sec  

U r t h  gls ,  a l i f t - to -  

range of entry angle. 

= 1 is required f o r  a 

3' range i n  entry angle. 

protection weight necessary t o  convert t he  space vehicle t o  a l i f t i n g  

c t r y  vehicle w i l l  be more thsn o f f s e t  by the  saving in f u e l  weight 

required by retrobraking, but Zrom an operational point  of v iew it 

r q  not be desirable t o  commit the entire vehicle t o  the  severe 

environ-wnt of atmospheric entry half way through the mission. 

Clearly the addi t ional  s t ructure  and thermal 

Cnce 

i 

I 
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the Xertian o rb i t  ~ Z S  been established entry of an Excursion Kodule 
i 

coes not involve e i ther  extreme heating or extreme loads and t h e  
i 

design of t h i s  vehicle is well  wi th in  the present s t e t e  of the a r t .  

. .  
Sarth entry, a t  the terniinetion of the mission, is  quite a 

CifSorent proSlem however End represents a m j o r  s tep beyond ApoIlo: 

even ezt-7 veloci t ies  of 45,000 f t /sec are  expected to produce 

s&stant iz l ly  greeter heating r a t e s  due prim6rily t o  gas-cap redietion 

and t h i s  e l i e c t  together with t h e  greater need Zor aerodynamic liit 

wiil be ref lected i n  t i e  entry vehicle configuration. 

3 d i a t i v e  heating can be alleviated,  st the expense of rnoderate 

increases i n  convective heating, by providing the vehicle with a 

iorsbody t h a t  has a small nose radius and is swept back t o  ensure tha t  

the cozponent of velocity norm: io the shock i s  appreciebly 

redixec. The width of the ecwy zorridcr between the 12g (mdershoot) 

a d  the atmspheric  capture (overshoot) boundaries depends p r i m r i l y  

OP, the entry velocity and the vehicle 

(between 12 and 25 dles in width) can be achieved using f a i r l y  sinrple 

Bcceptsble entry corridors D. 

entry procedures even a t  speeds approaching 60,000 f t/sec providing 

tbe vehicle has 

corridor width can be realized by the use of l i f t  modulation as 

L near unity, as seen i n  f igure 8. 
D 

Increases i n  

scgges ted by 
L 
D Love(7). This requirement for  - approsching 1 

a l s o  fcrces  the vehicle design awey from t h e  very blunt forebo6y tha t  

characterizes Xercury and Apollo and toward tZe swept-back l i l t i n g  

body: fortunately t h i s  trend is c o q a t i b l e  with that required t o  

reduce radiat ive heating. 
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Fresent concepts of t h e  Emth entry vehicle stem from mdif ica t ions  

e i the r  t o  the Apollo or  t o  t h e  lifting 

shows an Apollo of e l l i p t i c a l  cross-section matched to  a conical 

forebody which. provides l i f t  and reduces rzdiat ive heating, whereas 

($ -1) entry vehicle, Figure 9s 

f i g r e  95 shows s l i f t i n g  body having aerodynamic control surfaces. 

Zech of these configurations, and indeed any other tha t  could be 

suggested a t  the present t i ne ,  would require substant ia l  research end 

~eveloprnent Tor use a t  entry speeds of 45,000 f t /sec or  more (although 

it is probably true to say t h s t  they a re  within the present s t a t e  of 

the e r t  f o r  entry up to  30,000 f t/sec). 

Both the t o t a l  heat input and the maximum heat transTer r a t e s  

experienced during entry are  so  great t ha t  en ablation shield is 

required for all par t s  of the vehicle t ha t  'sees the flow and over 

t h e  nose end leading surfaces spyreciable ablation would teke  place if 

~ . " . j r  meterials currently availzbie were t o  be used - e s t i m t e s  suggest 

t h a t  spproximstely 20% of the total vehicle mass would be l o s t  by 

eSlation e t  an entry speed of 9,000 ft /sec.  PTeswbly  j e t  reaction 

controls 

exposed aerodynamic control surfaces but even with t h i s  s i q l i f i c a t i o n  

the changes i n  surface shape involved could eas i ly  a f f ec t  the eerodynamic 

chbracter is t ics  of the vekifcla e+, a c r i t i c a l  period of the entry near 

could be used t o  avoid the problems tha t  would a r i s e  with 

peak deceleration, 

k b e t t e r  def ini t ion of the entry heating environment, a t  speeds 

up to  50,000 ft/sec and the perfornance or' materials in t h i s  environaent, 
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is par t icu lar ly  iiilportsat before future d s s i o n  vehicles can be designed 

with co,?;*idence, 

convective heating a t  high enthalpy levels,  the mintenance 02 laminar 

flow over ablet ing surfaces, and addi t icnal  r sd ia t ion  from ablat ion 

Questions regtirding the magnitude of rad ia t ive  asd 

p-oducts can have an inportant effect’on vehicle design a3d although 

soze of the ansuers wlll be obtained i n  groune f a c i l i t i e s  it \!;“.-. . I -  k e  

necessary t o  pursue f l i g h t  test program. 

The recent successful f l i g h t  or” the Project  F i r e  entry vehicle 

I s  an indlcation of the trend in t h i s  direct ion:  

de ta i led  xzeasurements uere mede of the spec t ra l  d i s t r ibu t ion  of rediat ion 

from the gas cap, the t o t a l  radiat ive heating and the  convective 

heating experienced during entry a t  37,800 ft/sec. 

185 13s. and required an k t l z s  launch vehicle t o  provide the desired 

in t h i s  f l i g h t  

The vehicle weighed 

high veloci ty  a t  entry. 

But even i n  f l i g h t  the proper simulation of the entry envirorment 

is  by no means straightforward. Manned entry is characterized by 

shallow angles and long duration heating (resul t ing from the requirement 

of low deceleration) and t h i s  type of entry is d i f f i c u l t  t o  achieve 

with a b a l l i s t i c  vehicle. The use of l i f t i n g  vehicles i n  such a t e s t  

program is desirable but a t  the same time represents addi t ionel  

c o q l i c a t i o n s  f r o z  the point of view of guidance and control. The Asset 

program has taken the f i r s t  s teps  i n  t h i s  d i rec t ion  but  the extension 

of this technique from speeds of 16,000 ft/sec t o  speeds ia excess of 

,!$,OGO r^t/sec would involve design probleLm appr0achir.g those of the 

mission vehicle i tself .  
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-2.n z l ternet ive end siiqler cethod tha t  i s  worth consideration is  

to  use a. spin-stabilized b s i i i s t i c  vehicle which enters  a t  a shallow 

angle, passes through the etmosphere, (see f ig .  lo) and e x i t s  in to  

8 close esr th  orb i t .  

and pr ior  t o  the second entry er'ter cozpletion of one orbi t .  

Dstz uoul2 3 e  recovered by t e l e m t r y  during e x i t  
li 
I 
4 
4 

It is  evident tha t  fu ture  manned planetary missions will require 

ent-ry vehicles t ha t  a re  entirely d i f fe ren t  froffi the exis t ing pe t te rn  

se t  by Kercury, Geaini snd kpol lo ,  whose or igins  l i e  i n  the b a l l i s t i c  

nissiie technology. 

t o  evolve i rom the  swept back lifing-body concepts t h a t  have recognized 

r'rors the very beginning the  par t icu lar  rieeds, snd the  par t icu ls r  

&vantages, of man i n  the systern. 

The future  w e d  entry vehicles a re  mme l ike ly  

1 
The technology f o r  the l if t ing-body 1 

cless of vehicles can already support f l i g h t  a r t i c l e s  e t  o rb i t s1  speeds 

and with a vigorous entry technology prograrri i n  the next decede it 

should be possible t o  extend the i r  capabi l i t i es  t o  include Earth en t ry  

from planetary missions. 



1. Seiil” , A l v i n  : S o u  Poss ib i l i t i es  for Determining the Characterist ics 

of the Atmospheres of Mars and Venus From Gas-Dynamic Behavior 

of a Fro’Se Vehicle. NASA TE 0-1’770, April 1963. 

2. Buef, F. E.: X Simple Entry System Zxperisent f o r  Xartian Gtr;;ospheric 

Xeasurenents. 

Washington, D. C. , June 295uly 2, 1964. 

Presented a t  the 1st ALU h n u a l  Xeeting, 

(Paper No, 64-292) . 
A Study or“ the Kotion a ~ d  3. Ailen, il. J. and Eggers, A .  J . , Jr, : 

Aerodynamic Heating of Missiles Entering the Esr thts  atnosphere 

A t  High Supersonic Speeds. NGCA Rep. 1381, 19%. 

4. Anderson, R. A.:  Bn Appraisal of Structures Technology - 1964. 

Presented st the lst kIAA Annual Meeting, rkashington, D. C., 

.Tune 294uly  2, 1964. (Paper No. 64-531). 

5. Allen, H. J.: Gas Dynadc Froblem of Space Vehicles. NASA-University 

Conference on the Science and Technology of Space Exploration. 

NGSk SP-11, Vola 2, NO. 54, 1962, pp. 251-2670 

6. Syvertson, C,  A. and Dennis, D. H e  : Trends i n  High-speed Atmospheric 

Fl ight .  Presented a t  1st AIAA Annual Meeting, Wcshington, D. C., 

Jme 29431s 2, 1964. (Paper No . 64-514) . 
7. Love, E. S.: Factors Influencing Configuration and Ferformnce 

Journal of Spacecraft of Multipurpose Manned Entry Vehicles . 
and dockets, Vol. 1, No, 1, Jan. 1964. 



1, Becker, John V.: Entry Vehicles, Astronautics and Aerospace 

Engineering, Nov . 1963. 
2, Ckapmn, Dean: An he71;.sis of Corridor end Guidance Xequh-ements 

for Supercircular Enfry irto Planetary Atmspheres, XASA T3 3-55 

3 .  Pritchard,  2 .  Brian: S w g e y  of Velocity Requirerents end Reentry 

F l igh t  Xechonics f o r  Named Kars Ydssions. For Fublication i n  

Journal of Spacecraft and Rockets. 

4,  '.;ingrove, 2, C. : Survey of Abospheric 2eentry Guidance 8nd 

Control Methods. AIAA Journal, 2019-2029 (1963) 

5. E o h r t s ,  Leonard: Abletion Ylter ia ls  for Atmospheric Entry. 

NASA University Conference on the Science and Technology of 

Space Exploraticn. SP-27, Vol, 2, pp. 499-510. 

6 .  SeiL'f , Alvin: Developments i n  Entry Vehicle Technology, Fresented 

a t  lst A I M  Amus1 Keeting, Washington, D. C., June 294uly  2, 196.4, 

(Psper Eo. 64-528). 

7 ,  Bobbitt, P .  J.: Effects or" Shape on Total Radiative and Convective 

Heat Inputs a t  Xyperbolic Entry Speeds, Presented a t  the Ninth 

American Astronautical Society Meeting of the Interplanetary 

Missions Conierence, Los h g e l e s ,  Cslifornia,  Jan. 15-17, 1963. 

8 .  Shaphrnd, 3, J., Price, a, A , ,  and Hearne, L. F. :  A Conflgurstion 

Presented e t  f o r  Reentry From Fsrs Missions Using lierobraking. 

1st AIM Annual Xeeting, Washington, D. C., June 2 9 4 u l y  2, 1964. 

(Pzper No. 64-@). 



k i 

0 0 

0, 
0 

0 cu 



1 . -  * -  

Velocity 

1 

10- 

V - 
ve 

1 

3 

C 

.o- 

t 

- Peak heating 

J r----- ---I- 

- 

10" 
10-1 

f 

1 1 
A 

itmospheric drag parameter - 

.o 1 

m 

D 

.GO 

W A  

m a t m  
Figure 2.- Atmospheric drag parameter - = 



3 

0 m 

m 

fi 
w 
d 

@? 
0 

4 w 

d - 
0 
E 
cd 
k" 

pox 
k k  

r l 5  
d 

a r l  
k r l  
4 



.+ 

Flak plate 

Max. Draq 
Surface area 

(&= 035) 

'Ap0110 shapc 

(+ = 0.6) 

Sphere 

,Max. Volume 
Suriace &rea 

Blunted c m e  

(+ = y) 
NASA 

Figure 4.- drag vehicle shapes. 



.*_ 

... 

9 
0 
a c 
cd 
ts, c 
k 
c 
0 
cn 
m 
0 
k 

.rl 

.rl 

2 
0 u 

V 
I+ 
h 
cd a 
cd c 
k 
a, 

I+ 

5 

d 
t- 
i; 

4 
t 
c 
k 
e, 

n 
P 
U 

s 
4 

c 
R 
n a 
U 



8 
7 

\ :.. 

Bdlistlc 
par am eter 

slugs/sq f t  

M - 
CDA' 

1.C 

.3 

.1 

. . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  :.:*:.:.:.:.:-:.:.:. . . . . . . . . . .  . . . . . . . . . .  . . . .  - . . -  . f . ._._. .I . . - . .  . . .  : - : - :Retro- :: ::: 

:::: required . *  ::: 

- . .  . .  . .  - . . -  ::::br&iq :.I. . .  . .  . .  . .  
. . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  

7 . -  . . . . . . . .  

I 

NASA 
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Figure 10. - Atmospheric entry flight t e s t s .  


